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SUMMARY

A two-dimensional finite element fracture mechanics analysis of a space shuttle main engine (SSME)
turbine blade firtree was performed using the MARC finite element code. The analysis was conducted

under combined effects of thermal and mechanical loads at steady-state conditions. Data from a typical

engine stand cycle of the SSME engine were used to run a heat transfer analysis and, subsequently, a
thermal structural fracture mechanics analysis. Temperature and stress contours for the firtree under

these operating conditions were generated. High stresses were found at the firtree lobes where crack ini-

tiation was triggered. A life assessment of the firtree was clone by assuming an initial and a final crack
size.

INTRODUCTION

The space shuttle main engine (SSME) is a high-performance liquid propellant rocket engine pro-
ducing 2277 kN of thrust at full power level. It uses four turbopumps, two high pressure and two low

pressure. The two hlgh-pressure pumps are driven by gas turbines powered by hydrogen-rich steam pro-
vided by individual preburners. The high operating pressures in these turbines, together with the extreme

temperature transients, particularly during startup and cutoff, and the potentially degrading hydrogen
environment, have led to problems with cracking of the turbine blades. These blades are known to

undergo various failure modes and exhibit different damage mechanisms. However, the maximum

temperature experienced by the first-stage, high-pressure fuel turbopump (HPFTP) blade, the focus of

attention in this work, exceeds 1000 °C during startup conditions. As a result of these severe operating
conditions, several cracks were cited at different locations in the turbopump blades, specifically at the

shank and firtree (ref. 1). The first shank crack observed was of substantial size and depth and prompted

a detailed periodical visual inspection program that is continuing to the present. The first cracks observed
originated in the contact area of the firtree lobe at the downstream, pressure side of the blade. Immedi-

ately following these initial discoveries, a detailed program to understand the nature of these cracks was

initiated (ref. 1). It was found that these cracks were initiated at 0.127 mm to 0.508 mm from the trailing
edge and some traveled into the blade as much as 10.16 mm. Also, metallographic analysis of the fracture

surfaces indicated that these cracks initiated and propagated during engine cycles in low-cycle fatigue. A
thorough fracture mechanics analysis would be of potential benefit to assess the extent of damage and
determine the life of the blade under these conditions.

Therefore, this report investigates the aforementioned cracking problems in the blade firtree region
through a two-dimensional elastic-plastic fracture mechanics analysis. The MARC finite element code
(ref. 2) is used to carry out these calculations.



PROBLEM DESCRIPTION

TheSSMEbladewaschosenfor this studybecauseof a historyof crackinitiations causedby the
largethermalgradientsduringstartup andCut0fftransientsandpost-preburnerignition.The solidblade
(fig. 1) is castof a directionallysolidifiedMAR-M246+(Hf)nickelbasesuperalloy.It hasa lengthof
4.19cm,with anairfoil spanlengthof 2.2cmandaspan-to-chordwidth aspectratio of approximately
unity. Temperature-dependentpropertiesfor thisalloywereprovidedby RockwellInternationalCorporation
(ref. 3). A finite elementmodelconsistingof diskattachmentsanda firtreewasgeneratedby usingthe
PATRAN code(ref. 4). Becauseof thesymmetryof theconfiguration,onlyhalf of theblade/diskwas
modeled(fig. 2).

In this analysis_however,onlythe firtree modelwasconsidered.Thediskwasexcludedfrom the
analysisto assessits significance,to simplifythe problem,andto saveoncomputationandturnaround
time. Thefinite elementmodel,shownin figure3, consistsof 1391eight-nodedplanestrainelementsand
4462nodes.

ANALYTICAL PROCEDURE

Althoughthelackof accuratetemperature,pressure,and heatflux databelowthe platformseverely
limits evaluationof thesepotentiallow-cyclefatiguedrivers,ananalysiswascarriedout on the basisof
what isavailable.The subsequentparagraphsdescribethestepscoveredduringthis analysis.

HeatTransferAnalysis

Thethermalenvironmentbeneaththe platformregionis not welldefined,makingit difficult to
assessanaccuratetemperaturefield in that area.However,in thisanalysis,thermalloadwasneededas
an input for thesubsequentthermalstructural analysis.Thus,a heattransferanalysiswasperformedto
predictthe temperaturesexperiencedby the firtree. Furthermore,theheattransfersituationat this par-
ticular sectionof theblade(platform-shank-firtree-diskinterfaces)isa combinationof both convection
andconductionphenomena.Sincethediskattachmentswereexcludedfrom the analysis,the conduction
effectsat the disk-firtreecontactinterfacesweresimulatedby boundaryconditions.This arrangementwas
implementedby adjustingthe gastemperatureto accountfor the amountof heatgeneratedthroughcon-
ductionby the diskattachments,as if theywereactually includedin themodel.Resultsobtainedfrom
theanalysiswereveryconsistentandcomparablewith previouslyobtainedunpublishedresultsof analysis
donewith thediskattachmentsincluded.

Thetop of thefirtree wasfixedby a temperaturethat simulatedtheexistenceof theshankand plat-
form regions,andthe lineof symmetrywasinsulated.Theelementsat the lobewith disk interfacewere
assignedfilm coefficientsand thecorrespondingsink temperatureaccordingto thethermalboundarycon-
ditions.The analysiswasconductedat steady-stateconditionsusingexistingdataobtainedfrom refer-
ence1for the film coefficientsandfor the gastemperature.Variationsof thermalpropertieswith
temperatureandother relatedboundaryconditionswereintroducedthroughthe analysisvia the MARC
codedata input options.Heat transferdatausedfor theanalysisat thefirtree areshownin figure4.
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Stress Intensity Factor

The concern in this analysis is to determine conditions under which crack propagation occurs. This is
done by calculating the elastic-plastlc energy release rate, which is confined to a single parameter: the

strength of the singularity in the elastic-plastic stress field at the crack tip. This stress intensity factor is

usually denoted by the symbol K. The magnitude of K depends on the crack length, the distribution and

intensity of applied loads, and the geometry of the structure. Crack propagation will occur when any
combination of these factors causes K to be equal to or greater than the experimentally determined mate-

rial threshold value (ref. 5). The equation that relates K to the energy release rate is given by the follow-

ing relation (ref. 2):

(1)

where K is the stress intensity factor in MPa.(m) 1/2, E is the modulus in MPa, W is the strain energy in

Kgf.m, and dW/dA is the energy release rate during a small crack extension dA where A = a.b and a and
b are the crack length and the crack width, respectively, in meters. Once the functional forms of K have

been determined, the state of the stress and displacement near the crack tip region of structure can be

determined. However, because of the large nonlinearity at high temperature, a nonlinear fracture

parameter is needed. Thus, the J-Integral offers a good approach that is readily available within the

MARC code to have a single parameter to relate to the singularity at the crack tip.

J-Integral Calculations

The J-Integral evaluation was determined by invoking the J-Integral parameter option in the MARC

code. This resulted in calculation of the change in strain energy due to nodal movement near the crack

tip. The plastic strains were included in the definition of the strain energy change for the elastic-plastic
analysis. Among the options available in thh MARC code is the extended J-Integral option of Kishimoto

and Delorenzi; it was chosen for the analysis since it accounts for various effects such as thermal loading,

inertia forces, and plastic deformations. Evaluation of the J-Integral in MARC is based on node move-

ment and numerical differentiation to obtain the change in the potential energy as a function of nodal

positions (ref. 6). It is assumed that the loads are not changed by node movements so that the only con-

cern is the energy change, which is given by

E = Eelements fv we(s)dV
(2)

where the _] represents an appropriate sum over nodes associated with the element whose volume is repre-

sented in the integral and W(6 e) is the strain energy density. This quantity is evaluated by numerical

integration at each increment for each prescribed nodal movement to evaluate the derivative of the strain

energy with respect to the crack length at the end of each increment. More details pertaining to the form-

ulation of the J-Integral may be found in the MARC theoretical manual (ref. 2).



QuarterPoint ElementsApplication

To overcome the difficulty that is usually encountered in the finite element fracture mechanics

representation of the solution near the crack tip, the mesh must be modeled so that the singularity is

approximated with sufficient accuracy. Many methods have been established to arrive at such an approx-
imation; however, the most commonly used method uses a degenerate form of the standard eight-node

quadrilateral element. This method is usually referred to as the "1/4 _ point node technique (ref. 7). This

is also the preferred technique for analyses with the MARC code. It is applied by using eight-node quadri-
lateral elements. The nodes on the midsides adjacent to the crack tip are moved to one quarter of the

edge length, and the edge opposite the crack is kept straight. When these steps are followed, a singularity
in the stress field exists in all directions going outward radially from the crack tip.

Boundary Conditions

In this analysis, getting the boundary conditions to meet some of the specific requirements needed

for the analysis was quite complex and tedious. Since only the blade firtree was considered for the analy-

sis, the airfoil and shank region had to be compensated for by imposing additional load on the firtree.

This was determined by calculating the force due to rotational speed by using the equation for a rotating
disk with uniform thickness. With knowledge of the mass per unit volume of the blade, the angular

velocity, and the disk radius, the force imposed can easily be determined. This is shown by the following

equation:

Fr = pw2r (3)

where p is the mass density, w is the angular velocity, and r is the disk radius.

Similarly, the radial displacements of the firtree lobes as a result of rotational speed had to be calcu-
lated. The equation of rotating disks with uniform thickness for calculating radial displacements was

used, and the values calculated were incorporated into the analysis. The mechanical boundary conditions
were applied in a way that the nodal points at the center of the firtree by the line of symmetry were fixed

along the Y-axis and the nodal points along the lobes were allowed to move by the calculated displace-
ment in the X-axis direction of a coordinate system that was established normal to the lobe surface. Thus

the total load being applied consisted of a combination of both mechanical and thermal loads.

Life Prediction Computation

The estimation of life based on the data obtained from this analysis was handled by using the Paris

(ref. 8) relation that ties the number of life cycles to the crack length and the stress intensity factor. This

relation is described by the following equation:

dN = _da (4)

where N is the number of life cycles, da is the incremental crack length, AK is the stress intensity factor

range (Kma x - Kmin) , and c and n are material constants determined from experimental data. The life



cycle in this analysis is defined as a combination of the mechanical loading and the steady-state tempera-

ture, with the mechanical loading changing as the rotational speed changed from 0 to 36 000 rpm.

The high stresses from the elastic-plastic analysis were observed at all four lobes along the contact

surface with the disk. However, the area with the largest plastic zone was confined to the fourth lobe

where crack initiation was more likely to take place. Hence, the crack analysis was initiated at the nodal
point of the element with the highest stresses at the fourth lobe and was advanced downward toward the

middle of the firtree. Figure 5 shows the crack advancement as a function of distance. An initial crack

length (a0) can be assumed to be 0.127 mm, which corresponds to an acceptable microporosity size sug-

gested by Lee (ref. 9). However, computations were made with a crack length of 0.06185 mm, and the life

calculations are only valid for a crack size range of 0.127 to 0.381 mm. The J-Integral analysis resulted in
determining the energy release rate, and the stress intensity factor was calculated for each time the crack

advanced using equation (1). The crack site temperature was approximately 482 *C.

The fatigue crack growth data required to perform the life analysis was collected from available

unpublished data. Based on the data, it was found that the values of constants n and c needed in equa-
tion (4) are in the range of 2 to 3 for n and about 1.2x10 -9 to 2.0x10 -9 for c. They represent a certain

range of operating temperatures and a specific environment (air or hydrogen). However, for the purpose
of this study and for the sake of calculating the life, values of 2.4 and 1.90x10 -9 were chosen for n and c

as intermediate numbers. Those values were the best approximation and the most suitable for this
material to perform the life calculations under the current operating conditions.

RESULTS AND DISCUSSION

Results and findings from this analysis are discussed and presented in this section. Contour plots of

temperature and stresses at different conditions are shown in figures 6 to 13.

Figure 6 represents the steady-state temperature distribution of the firtree. It averaged about

482 °C at the shank-firtree interface, and it uniformly decreased toward the bottom lobes as expected,

since the cooling effects are much higher in that region than in the top portion of the firtree. Also, the

temperature gradient in the radial direction is quite steep considering the physical size of the firtree. This

is a major factor in inducing high thermal stresses in the region. Full power level conditions that covered
the steady state portion of the mission cycle were used to run these calculations.

The elastic-plastic analysis of the firtree covered the effects of both centrifugal and thermal Ioadings.
The mechanical and thermal properties were supplied to the code as a function of temperature by defining

a yield criterion and a strain hardening law. The calculations were based on incremental plasticity theory

using the Von Mises yield criterion, the normality rule, and a kinematic hardening model. The residual

load corrections were applied to ensure that equilibrium was maintained at the start of each new incre-

ment. The mechanical load was subdivided into 20 incremental loads in order to ensure convergence and

to keep within the tolerance chosen. Each run of the analysis required a total control processing unit
(CPU) time of about 5420 sec on the CRAY-YMP computer in addition to 1.6 million words of memory.

Figure 7 shows the radial stresses or stresses along the span direction of the blade as a result of the

elastic-plastic finite element analysis. As expected because of the high centrifugal and thermal loads

applied, the highest stresses were located at the lobes' interface with the disk. The stress level averaged
from about 924 MPa to about 69 MPa near the base. Figures 8 and 9 illustrate the stresses of the fracture

mechanics analysis with the crack advancing at two stages. Figure 5 shows the corresponding two points
selected to show the advancement of the crack at nodal points 3 and 5, which refer to stages 1 and 2. The



first stageis representedin figure8, whichshowsthe sizeof theplasticzoneencounteredat the cracksite
asthe crackadvancedfrom nodalpoint 1to nodalpoint 3 (fig. 5). The secondstageis shownin fig-
ure9(a)with the crackadvancingmoretowardstheinnerregionof thefirtree asthe crackmovedfrom
nodalpoint 1 to nodalpoint 5 (fig. 5). Figure9(b) duplicatesfigure9(a)with a closerviewof thecrack
at nodalpoint 5. Theseresultsshowthat the plasticregionat the cracktip growslargerasthe crack
advances.This is an indicationof highthermalstressesdueto the thermalgradientexperiencedduring
engineoperation.In addition,the forcescausedby thefluid dueto rotor-firtreeinteractionareanother
causefor thesehighstresses.Thelevelof stressesexperiencedasthecrackadvancedwasabout 1000MPa
for all cases,with a slight variationof approximately4-34.5 MPa from one case to another.

Figure 10 shows the stress intensity factor as a function of engine speed. Initially, as the engine

speed increased, the value of K increased accordingly. When the engine speed reached about 22 000 rpm,
• . 1/2 •though, K maintained an average value of about 15.38 MPa(m) . This also conveyed the effects of

engine speed on the variations of the energy rate as the crack length and engine speed changed. Figure 11

shows the stress intensity factor as a function of crack length. As the crack advances, the stress intensity

factor increases, reflecting the level of plasticity invoked as a result of crack deepening.

Figure 12 represents the variation of the radial stresses normalized by the yield strength of the mate:

rial as a function of crack length for two different crack advancements. It is well noted from this plot that
the plastic zone grew initially and reached a stabilizing point thereafter. These stresses are the centroidal

values of the radial stresses, and were transformed via equation (5) to represent the normal stresses to

the crack length with 0 being the angle between the crack length and the radial axis:

o x, = a x cos20 + ay sin20 + 2rxy sin 0 cos 8 (5)

Figure 13 illustrates the cyclic life and its relation to the crack length. The figure shows that for a

crack length of 0.381 mm, the estimated llfe is about 12 000 cycles. However, the life determination is

highly dependent on the values of constants n and c, which means that the calculations presented here
depend on the accuracy of the choices for n and c. In this analysis, the values used for n and c were best

approximations for this material under the conditions considered; however, one other thing must be kept
in mind, that these results are dependent on the boundary conditions used and on the fact that the
combined firtree-disk structure was not modeled.

CONCLUSIONS

A two-dimensional, elastic-plastic finite element fracture mechanics analysis was performed on the

firtree of the first-stage, hlgh-pressure fuel turbopump blade (HPFTP) of the space shuttle main engine

(SSME). The analysis was carried out under combined thermal and mechanical loadings. Results showed
that the four lobes of the firtree experience high stresses which can lead to cracking. The firtree was

shown to have a llfe in the tens of thousands of cycles before failure. However, the following points may
have influenced the results:

. The lack of accurate temperature, pressure, and heat flux data below the platform severely limits

evaluation of these potential low-cycle fatigue drivers, which, in return, may have some effects on

the accuracy of the results presented.

2. More engine testing is needed to provide a better understanding of whether the transient or main-

stage thermal influence is dominant.
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A future analysis of the complete structure which covers the whole blade with the disk attachments

would be more helpful in providing more accurate assessments of the damage and failure modes
experienced.

Although the thermally induced stresses are obviously sufficient to cause cracking of the

DS MAR-M 246+(Hf) in the hydrogen-rich environment, the limited depth of these cracks implies a

local surface effect that decreases rapidly. However, these cracks may ultimately grow because of

high cycle fatigue mechanisms produced by the centrifugal and pressure loadings.
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Figure 1.--First-stage space shuttle main engine turbine
blade.

Figure 2,--Finite element model of blade and disk attachments.
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Figure 3.--Rrtree finite element model (1390 elght-noded
quadllateral plain strain elements, 4462 nodes).

Zone Heat
transfer,
W(m2.K)

A m
B 141.596
C 148.813
D 157.030
E 351.492

Assumed
temperature,

K

764
720
658
567 I'//s'//
257 I;'22;';';

:::::::::::::::::::::::::::::...... L///'./.,'_
15:::::::::::::: _' p ,_ _ ,_

::::::::::::::::::::::::::::__ #J # ##_s

iiiiiiiiii'iiiiiii!i_i_:'i!;!_!!_!!!'ii!i_i_i!__,,. • ,,,. ,,.:::::::::::::::::::::::::::::::::::::::..- ,_ ._

i!!!i!i_i!!i!_i:i:i:i:]:.ii:i_ii_iiiiiiiiii:!ili___._ ""

Zone

A

C

D

Figure 4.--Heat transfer data of flrtree thermal boundary
conditions.

9



Initiation
site--_

\

Y \\

_x

6

L Nodal
locations
of crack
advancements

Crack
opening

site _,..

Rgure 5.--Crack opening site.

10

:i :1



Temperature,
°C

482

452

422

391

361

331

300

270

240

210

180

149

119

89

59

Figure 6.--Steady-state temperature distdbution,

28

11



:'lI _.



Stress,
MPa

91 9

822

726

63O

533

437

341

245

148

52

-526

Figure 7.--Radial stresses as result of elastic-plastic analysis.
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Figure &--Radial stresses as crack advances at nodal point 3 (see fig. 5).

PRE_DING P,_GE 8LANK [_OT RLME9

15



"_ I



Stress,
MPa

1013

901

789

677

564

452

340

227

115 .

-1 O9

-222

-334

-558

(a) Full vlew.

Figure 9.--Radial stresses as crack advances at nodal point 5 (see fig. 5).
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